Abstract. Understanding what determines a species' range is a central objective in ecology and evolutionary biology. It has important applications for predicting species distributions and how they might respond to environmental perturbations. This paper describes a mechanistic approach to predict past and present distribution of the Japanese serow (Capricornis crispus) on Honshu, Japan. We applied state-of-the-art microclimate and animal biophysical/behavioral models coupled with climate and vegetation data to estimate the distribution of potential range expansion under protection. We tested the model results against detailed empirical distribution data from the Ministry of the Environment for a five-prefecture area in central Honshu. We also applied the models to time-series land use/cover maps to investigate the historical transitions in habitat suitability during 1947-1999 in the Arai-Keinan region. This is the first time to our knowledge that mechanistic models have successfully predicted the landscape scale distribution of a mammal species in the absence of other animal species interactions, such as predators. In this case, animal energetics/behavior-plant interactions seem to be critical. Forest cover appears to be important in summer and winter for suitable serow habitats. The energetics model results indicate that the serow can overheat in some open environments in midday hours in summer. In winter, simulation results suggested that forest cover provides effective refuge to avoid increased metabolic demands of cold temperatures and strong winds. The model simulations suggested that land use/cover changes documented during 1947-1999 resulted in increased suitable serow habitat due to expanding forest cover from agricultural marginalization and ecological succession. The models provide a unique tool for estimating species' range expansion under protection or for selecting suitable reintroduction sites.
INTRODUCTION
Accurate understanding of a species' potential range is important for both conservation and management of wildlife species. The potential range of a species is the extent in which the species can occur, regardless of whether it does actually occur now (Kearney and Porter 2004) . For a species whose range is expanding or recovering, potential range indicates the maximum extent to which its range can expand. For the species whose natural range has been lost, potential range indicates candidate sites for their reintroduction.
How can we best explain the distribution of species? There have been multiple attempts to do this using correlation approaches with mixed results. This paper describes an alternative and complementary approach based on an integration of heat and mass transfer engineering, physiological ecology, behavior, and geographic information systems (GIS). This paper illustrates how we used limited existing data as input to the microclimate and endotherm models; how we used stateof-the-art modeling that integrates first biophysical principles to predict distribution of potential habitat and to estimate the effects of land use/cover changes; and how we tested the predictions with extensive field data from the Japanese Ministry of the Environment. This modeling proves to be useful in situations that are important to ecological and conservation related questions about an unmeasured species that otherwise are difficult or impossible to quantify.
Large mammalian species often attract conservation attention for the charismatic effect they have and/or management attention due to conflicts they can cause with human interests (Caughley and Sinclair 1994) . The Japanese serow (Capricornis crispus; Fig. 1 ), a forestdwelling, territorial goat-like bovid, endemic to Japan, does both (Miura 1999) . It has drawn conservation attention because its population declined to near extinction, and its distribution became confined to limited mountainous areas by the early 1900s due to overhunting for its fur. It has been protected as a Natural Monument since 1934 and as a Special Natural 3 Present address: Ecosystem Conservation Society-Japan, 2-30-20 Nishiikebukuro, Toshima-ku, Tokyo 171-0021 Japan. 4 Corresponding author. E-mail: wpporter@wisc.edu Monument since 1955. However, by the late 1970s, its herbivory on planted conifers began to cause conflicts with human interests. In response, a culling program has been implemented for over two decades in some parts of Japan (Ohmachi Alpine Museum 1991) . The extent to which the serow can expand its range into rural environments is of management interest, which requires identifying the areas with potential to become serow habitats. This study explores the application of a unique animal energetics model (Porter et al. 1994 (Porter et al. , 2000 (Porter et al. , 2002 (Porter et al. , 2006 , to evaluate the landscape's potential to serve as habitat for Japanese serow; i.e., identification of its fundamental niche (Hutchinson 1957 , as discussed in Kearney and Porter 2004) . Because the serow is currently protected from hunting in most of Japan, and large predators are absent, the serow's realized niche can be considered almost identical to its fundamental niche. A repeated animal distribution survey, such as the National Survey on the Natural Environment (e.g., Biodiversity Center of Japan 2002), could reveal trends of range expansion, but they may be subject to a large uncertainty due to mismatch in spatiotemporal resolutions and differences in survey effort. Iwamoto and Tokita (1988) constructed a model of the serow range expansion involving immigration probability into a new location based on the distance from the current range, vegetation, amount of forest in a given unit area, elevation, and slope. They parameterized their model using the characteristics of occupied locations. A correlative approach such as this may overemphasize the importance of characteristics of currently occupied environments. This bias limits the model's ability to determine the potential of a given area to become habitat because the current occurrence may not necessarily represent the suitability of habitat (Kie et al. 2002) , and because the animal's preference for habitat types could vary depending on the relative abundance of the habitat types (Osko et al. 2004) . Furthermore, areas much larger than the observed home range of the animals might have to be considered in understanding suitable habitat for the species (Kie et al. 2002) . This is especially so for species, such as the Japanese serow, whose current distribution is most likely the result of being forced to more restricted areas by anthropogenic causes. In considering new environmental conditions, such as land-use changes, a mechanistic model may provide a unique method for computing a species' future distribution (Kearney and Porter 2004 ).
The energetics model (Porter et al. 1994 (Porter et al. , 2000 (Porter et al. , 2002 (Porter et al. , 2006 ) is a mechanistic model that calculates the animal's rate of metabolism necessary to maintain homeothermy given the environmental conditions to which the animal is exposed. The model is built with laws from physics and engineering integrated with principles from physiology and behavior. It can calculate the animal's metabolic rate and other animal variables, e.g., evaporative water loss, habitat selection, daily activity hours, and food and water requirements, from the directly measurable properties of the environment (such as air temperature, wind speed, surface reflectivity of the ground) and those of the animal (such as size, body temperature, fur density). It has the potential to serve as a tool for landscape-scale habitat suitability evaluation whose predictions can be tested with field observations. The purpose of this study is to determine (1) the distribution of potential Japanese serow habitat on the present landscape in central Honshu, Japan, and (2) historical changes in habitat conditions in rural landscapes. We will focus our discussion on metabolic costs for summer and winter conditions. We will also discuss issues relevant to improving the effectiveness of the energetics model. 
MATERIALS AND METHODS

Ecology of the Japanese serow
The Japanese serow's primary habitat is believed to be forested mountainous areas (Ohmachi Alpine Museum 1991). The serow shows little sexual dimorphism. The adult of both sexes typically weighs ;40 kg, and may lose 20% of its mass over winter (Miura and Maruyama 1986) . The fur is highly variable in color individually and geographically and the hairs are long (Abe et al. 2005) .
The serow's population is usually well below the environmental carrying capacity estimated from forage availability in winter (Takatsuki et al. 1996) . Also, its social structure is solitary and intra-sexually territorial (Kishimoto and Kawamichi 1996 , Ochiai and Susaki 2002 , Kishimoto 2003 . Individuals tend to remain in the same territory for a long time (Ochiai and Susaki 2002) . Unlike the co-occurring sika deer (Cervus nippon), the serow's social organization keeps its population density low and constant (Ochiai et al. 1993 , Ochiai 1996 , Ochiai and Susaki 2002 . Thus, a most likely consequence of population growth is range expansion (Miura 1999) . Extensive studies on the serow's diet composition indicate that the serow is a browser and that it adjusts its diet according to the availability of food items in the local environment (e.g., Takatsuki and Suzuki 1984 , Horino and Kuwahata 1986 , Takatsuki et al. 1986 , Ochiai 1999 . However, quantitative studies on energy intake are limited (Kozaki et al. 1991 , Ohmachi Alpine Museum 1991 .
Model description
The energetics model consists of two sub-models: (1) the microclimate model calculates each landscape pixel's microclimates available to the animal from the usersupplied data on the physical environment; and (2) the endotherm model receives the outputs from the microclimate model and calculates metabolic energy and other animal dependent requirements based on the properties of the animal that govern the heat and mass exchanges with the local environment. The goal is to solve numerically for the metabolic rates that would allow homeothermic animals to maintain their constant core temperatures under different environmental conditions. In this process, the model calculates radiative, convective, evaporative, and conductive energy exchanges between the animal and the environment. The details of the animal energetics model have been described in Porter et al. (1994 Porter et al. ( , 2000 Porter et al. ( , 2002 Porter et al. ( , and 2006 . The model descriptions are limited to the basic characteristics and issues related to how we modified and used them in this study.
Microclimate model.-The microclimate model estimates the hourly values of air temperature, wind speed, ground surface temperature, and amount of solar radiation at the animal's average height from daily values for these variables reported in published climate databases. From the inputs of maximum and minimum air temperatures for a day, the model calculates the air temperature at each hour by fitting a sinusoidal curve (the timings of daily extrema specified by the user). In our simulations, the air temperature reached the daily minimum at sunrise and the daily maximum at one hour after local noon. We considered two wind patterns. In the first pattern (the constant wind pattern), the wind speed was constant throughout the day and equaled the observed 30-year average (or the ''normal'') values for the average day of each month. In the second pattern (the maximum-minimum wind pattern), the wind speed varied linearly between the minimum at sunrise and the maximum at one hour after local noon. We held the minimum wind speed constant at 0.3 m/s for all cases. We estimated the maximum wind speeds so that the average of maximum and minimum wind speeds equaled the normal wind speed of each location (i.e., 2 3 average À minimum). The geographic coordinates of the location of interest and Julian day (counted from 1 January) determined the amount of clear-sky incident solar radiation in the open environment using a mechanistic model for solar radiation embedded in the microclimate model (McCullough and Porter 1971) .
Shade modifies the amount of solar radiation reaching the ground; it also provides thermal cover by trapping the infrared radiation that would otherwise escape to the sky. The user specifies the amount of shade in terms of percentage of solar radiation in the open environment blocked by the vegetation. Part of solar radiation incident on the ground is reflected at the rate determined by the user-supplied ground reflectivity. Part of the solar energy absorbed by the ground is lost from the surface via evaporative heat transfer of water. The evaporation rate is governed by the proportion of the surface that acts like a free water surface. The remaining solar radiation absorbed by the ground and heat conducted to and from the deep soil determines the ground surface temperature. The surface wetness is a new implementation to the microclimate model, which has profound effects in lowering the outputs for surface temperatures. With this implementation, the estimates of surface temperatures approximate empirical data substantially better than without it.
Endotherm model.-The endotherm model looks for a metabolic energy production needed to maintain a constant core temperature (T c ) and not to diminish a minimum temperature difference between the core and skin. In finding the solution for the metabolic rate, the model performs numerical iterations to balance the heat in and out related to radiative (both solar and infrared), convective, conductive, evaporative, and metabolic processes (Porter et al. 2000) . For all simulations, the animal was in its standing posture, which the model approximated by a collection of circular-and ellipticcylindrical parts for torso, head and neck, and legs (Fig.  1) . The dimensions of each part were measured from the photograph in Fig. 1 and adjusted so that the mass of the model serow was consistent with the serow's dimensions, assuming an average animal density of 932.9 kg/m 3 . The energy balancing iterations were performed for each animal part independently (the animal part loop) and the total metabolic rate was calculated by summing the metabolic rates for all the parts. The T c of head and neck equaled T c of torso, which was parameterized by the average rectum temperature recorded in captivity (38.58C; Kanomata 1977, Kanomata and Izawa 1982) . We expected temperature gradients in T c in legs from the joints between the legs and torso to the toes; thus, we set the T c of the legs to be the average of the T c of the torso and the air temperature at the animal's average height. The heat generated by metabolism was conducted through the flesh to the skin to determine the skin temperature (T s ). The T s was also influenced by heat flow through the fur (Porter et al. 1994) . The skin could lose or gain heat via conduction through the fur hairs, the air spaces between the hairs, and via infrared radiation. The solar radiation was assumed to be reflected from or absorbed at an imaginary layer around the animal defined at the tips of the fur. The absorbed solar radiation was subsequently delivered to the skin via radiative and conductive processes. Heat could also leave the animal as infrared radiation or via convective processes. The convective process increases its influence on the animal energetics as the wind speed increases.
The following is the main equation used to solve for the metabolic rate of the cylindrical animal (Porter et al. 1994) :
where g is the average heat production per unit volume, R is the radius of the cylinder, and k is the thermal conductivity of flesh (initially set be 0.50 W/mÁK; Valvano et al. 1985 ). Because T s is influenced by the processes that themselves are determined by T s , the endotherm model solves for g by numerical iterations. At the end of the animal part loop, the model reports the results (an acceptable solution or no-solution) and repeats the calculation for the next hour (the hourly loop). After calculating for all hours of the day, the model moves on to the next day (e.g., average day of the next month; the daily loop). When the environment was too hot, thermoregulatory reactions occurred in four steps. The first step was to orient the animal away from the sun to minimize the silhouette area exposed to the sun; the default animal orientation was normal to the solar radiation (i.e., maximally exposed to the sun). If the first step did not relieve the animal of heat stress, the second step was to increase the thermal conductivity of the flesh incrementally until the maximum (set to be 2.8 W/mÁC) has been reached. If this did not relieve the serow of heat stress, the third step was to increase the respiratory heat loss in integer multiples up to five. If this did not relieve heat stress, the final step was to raise the core temperature incrementally by 0.28C until the maximum temperature (40.08C; Kanomata 1977, Kanomata and Izawa 1982) was reached. The original endotherm model (Porter et al. 2000) had two more steps: seeking shade and sweating. The option to seek shade was not available by the design of the simulations in this study. The sweating option was disabled because the serow does not sweat (Ohmachi Alpine Museum 1991). When the model could not find a metabolic rate that maintained the minimum T c À T s difference, it output a negative value for metabolic rate to notify the user of no plausible solution. This occurred when the animal could not dissipate the heat efficiently enough to maintain homeostasis, and it had no option but to exceed the maximum allowed core temperature. When this happened, the set of environmental conditions were overheating. The minimum T c À T s difference was set at 1.08C, adopted from a study of cattle (Sakurai and Dohi 1988 ; no empirical data were available for the serow).
We parameterized the model using our own measurements of fur properties and the values found in or estimated from the literature for other properties (Table  1) . We only had a winter fur specimen on which to make measurements. We estimated the summer fur properties to be half the density, half the hair length, and half the depth of the winter fur.
The energetics model considers one locality, with its own set of required input environmental data, at a time. It runs the microclimate model and then the endotherm model. The model reports the metabolic rates required to maintain a constant core temperature (or the basal metabolic rate) for each hour of the day (in watts) and daily total basal metabolism (in kilojoules per day), which is calculated from the hourly metabolic rate, for each day with input data. A landscape energetics simulation repeats the above process for every raster cell representing real landscapes, and reports only the daily total metabolism for each cell. The energetics model does not consider the interactions between neighboring locations, so it takes a ''mosaic'' approach to spatial heterogeneity (Lovett et al. 2005) . The environmental input data are stored in a MySQL database, and program executions are controlled by a Perl program (Porter et al. 2002) that stores the endotherm output in output database tables with the relevant geographic coordinates.
We tested the sensitivity of the model to air temperature, wind speed, relative humidity, and solar radiation (see Appendix B for details). In the determination of metabolic rates, the serow energetics model (1) is strongly sensitive to variations in air temperature in general except for low wind conditions and under strong solar inputs; (2) becomes more sensitive to wind speed when the wind speed is low (0-2 m/s), especially if there is solar energy input; (3) becomes more sensitive to relative humidity if both wind speed and air temperature are high; (4) becomes less sensitive to variations in solar radiation as the wind speed increases; and (5) becomes slightly more sensitive to relative humidity as wind speed increases. Low wind speeds result in reduced sensitivity to air temperature because they allow the animal to retain a warm layer of air around it, which acts like a blanket. Because the serow does not sweat, the evaporative heat dissipation from the skin is not substantial. Under the typical conditions of air temperature (,308C) and wind speed (,5 m/s), the model can be assumed to be insensitive to variations in relative humidity. The fourth point above is consistent with empirical observation; Sakurai and Dohi (1988) have reported for cattle that the fur temperatures in the sun are sensitive to variation in wind speed, suggesting convection as an efficient heat transfer process. Strong winds counteract the heating by solar inputs as convection effectively removes the solar energy received at the tip of the fur before it is delivered to the skin.
The endotherm model under the present settings assumed that incoming solar radiation is absorbed at the outermost layer of fur (the tips of hair) and that no solar radiation directly reaches the skin. In real fur, solar radiation will penetrate some way into fur before being completely absorbed and a small fraction of it may even reach the skin. Thus, we expect that the results reported here underestimate the effects of solar radiation.
Five-prefecture simulations
We simulated the serow's basal metabolic demands for the hottest (August) and coldest (February) months of the year for the central Honshu Island, encompassing five prefectures: Niigata, Nagano, Gumma, Toyama, and Gifu (Fig. 2) .The elevation ranged from sea level in the north to .3000 m in the middle of the landscape. In Nagano and Gifu, aforementioned culling has been implemented for over two decades. All input data were prepared in Japan's standardized grid system (each cell is defined by 45 00 longitude and 30 00 latitude [;1 3 1 km]), hereafter, referred to as the standard 1-km grid. Thus, the simulations were performed for 45 642 cells in total (all input data are presented graphically in Appendix C). We used the elevation data in this grid system (Ministry of Land, Infrastructure, and Transport; available online).
5 Slope and aspect of each cell were derived from the elevation in ArcView 3.2 (ESRI, Redlands, California, USA).
Vegetation data.-The vegetation data in the standard 1-km grid cell were obtained from the Biodiversity (2000); 5, Valvano et al. (1985) ; 6, Ohmachi Alpine Museum (1991); 7, Chiba (1968) ; and 8, Kozaki et al. (1991) . Temperature parameters are: T c , core temperature; T s , skin temperature; T expir , temperature of expired air; T air , air temperature at animal height.
Specimen courtesy of the Japan Wildlife Research Center, Tokyo, Japan.
Center, Ministry of the Environment (available online).
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This grid map had been derived from vector-format vegetation maps produced by the fifth National Survey on the Natural Environment (1993) (1994) (1995) (1996) (1997) (1998) . In consultation with a vegetation scientist, the original vegetation legends were simplified as in Table 2 . These vegetation types determined each cell's values for (1) the percentage of the ground shaded; (2) the percentage of the ground surface that is wet; and (3) the reflectivity of the ground surface (Table 2) . Vegetation types also modified the microclimate within the cells. Climate data.-For maximum and minimum air temperatures, we used the data in the Japan Meteorological Agency (2001a), which were derived from the normal meteorological data and were already in the standard 1-km grid. We assumed clear skies for all simulations; i.e., no thermal cover effects by clouds were considered.
The relative humidity data were available only from manned weather stations (Japan Meteorological Agency 2001b). We assigned to each grid cell the values recorded at the closest weather stations determined by Thiessen polygons (Johnston 1998) . No diurnal variations were considered for relative humidity. We justify this coarse resolution because of low sensitivity of the energetics model to relative humidity.
The wind speed data were available from the manned weather stations and from the Automated Meteorological Data Acquisition System, which we used to interpolate values for all cells. We used the software ANUSPLIN (Hutchinson 2000) and fitted a secondorder spline surface with longitude, latitude, and elevation as independent variables. All of Honshu was interpolated first, and five prefectures clipped out afterwards. Of 480 available data points, 434 points were used for this operation, and 46 points were reserved as an independent validation set. The comparison of the interpolated results and the validation set indicated that the resultant wind speed data contained a root mean square error of 0.8 m/s for the February data and 0.6 m/s for the August data. The maximum-minimum and constant wind patterns were prepared from the ANUS-PLIN results. 6 hhttp://www.biodic.go.jp/kiso/fnd_f.htmli All these climate data were for the open environment, but animals in the wild would experience microclimates modified by vegetation. The wind speeds and the maximum air temperatures in summer were modified by vegetation as follows. The temperature moderation effects of forest were incorporated by lowering the maximum air temperature for summer months by 28C (a conservative estimate based on the literature; Morecroft et al. 1998 , Grimmond et al. 2000 , Yasue et al. 2000 . It is extremely complex to model wind speed in vegetation quantitatively because winds are influenced by the type of vegetation, leafing stage for deciduous vegetation, and topography (Landsberg and James 1971 , Chen et al. 1995 , Morecroft et al. 1998 , Grimmond et al. 2000 , Geiger et al. 2003 , Ueyama et al. 2004 . At the risk of oversimplification, we modeled the wind moderation effects of vegetation as a fraction of wind speed in the open as in Table 2 . For example, leafon deciduous and coniferous forests reduced the wind speed to one-fourth of that in open environments.
Detailed inspections
We selected two sites within the five-prefecture landscape to examine the simulation results more closely. One was the standard 1-km grid cell containing the Takada Weather Station, Niigata, Japan (''Takada''; 37806 0 18 00 N, 138814 0 48 00 E, elevation 12.9 m; Fig. 2 ). We used the normal values recorded at the Takada weather station for climatic parameters. The normal monthly air temperature reached the maximum of 30.98C in August and the minimum of À1.28C in February. The average wind speed varied between 1.7 m/s in July and September and 2.6 m/s in January and February. We assumed a deciduous forest that shed leaves from November to April. The amount of shade was 90% in leaf-on months and 30% in leaf-off months. The other site was a cell in coniferous vegetation in the southcentral part of the five-prefecture landscape at a higher elevation, where the serow has been observed (''Tateshina''; 36801 0 15 00 N, 138821 0 24 00 E at the center of the cell, 2382 m; Fig. 2 ). Because there is no weather station in Tateshina, we used the calculated values for climatic parameters (Japan Meteorological Agency [2001a] for air temperature and our ANUSPLIN interpolation for wind speed), as we did for the landscape simulations. The normal monthly air temperature reached the maximum of 17.08C in August and the minimum of À16.48C in February. The wind speed calculated by ANUSPLIN varied between 5.3 m/s in August and 9.7 m/s in January and February. The vegetation registered for this cell was a coniferous forest that had evergreen foliage; the amount of shade was 90% throughout the year. For both sites, the ground surface assumed new snow (reflectivity: 0.90) in January and February, aged snow (0.40) in March and grassy vegetation (0.22) in other months. We assumed 100% of the surfaces of both snow types and 5% of grassy surface acted as a free water surface (see Appendix D for the full set of microclimate input data). We ran the model with two fur types (winter and summer) and under two wind patterns as described previously.
We simulated three environment types for each site (open, edge, and interior) by considering the effects of vegetation in altering the amount of shades, wind speed, and the maximum air temperature in summer. The open environment provided no shade and altered no climatic parameters from the normal values. In the edge and interior environments, forest vegetation provided shade and lowered the maximum air temperature by 2.08C during the summer months (July-September). The interior environment assumed further alteration of microclimate; the wind speeds were reduced by set à Ground surface reflectivity: February, new snow on the ground; August, grassy ground surface (Kotoda [1986] ). § Percentage of ground shaded (our estimates). } Unitless multipliers for the maximum wind speed for maximum-minimum wind pattern (our estimates). # Assuming bogs for PCTWET. Including plantations. àà Assuming all rice paddies, bog for PCTWET and REFL.
§ § Assuming bare ground for REFL.
fractions of those for the open environment (e.g., onefourth for leaf-on deciduous and coniferous forests, onefourth for leaf-off deciduous forest; Table 2 ). Coupled with two patterns of winds, we considered six sets of environmental conditions for each site.
Arai-Keinan landscape simulation
The second set of landscape simulations was performed on smaller landscapes in the Arai-Keinan region in the north-central part of the five-prefecture area (Fig.  2) , to determine the effects of the changes in land use and land cover (LULC) on the habitat conditions for the serow in terms of animal energetics. The Arai-Keinan region is an area primarily under rice cultivation, which has been experiencing substantial changes in the past several decades like most other rural areas in Japan. We selected two landscapes: Suibara (4 3 4 km) and Takatoko (5 3 6 km). The LULC were interpreted from orthorectified aerial photographs at three times between 1947 and 1999 in a 50-m grid system (Figs. 3 and 4) , using the vegetation classification in Table 2 . The LULC that occupied the largest proportion of the cell was assigned as the attribute of the cell. The LULC types in which the serow cannot (e.g., open water) or should not inhabit (e.g., agricultural lands) were classified as uninhabitable, leaving broadleaf deciduous forest, coniferous forest, shrub, and grassland as inhabitable vegetation types. Forested cells (broadleaf deciduous, coniferous, and shrub) adjacent to open cells, in eight neighbors, were classified as edge environment; otherwise, they were classified as interior. Topographic data (slope, aspect, elevation) were derived in ArcView 3.2 from the Geographical Survey Institute (1999). The elevation ranged from 199 to 770 m in Suibara and from 99 to 524 m in Takatoko. As in the five-prefecture area, the basal metabolic rates for February (the animal in its winter fur) and August (in its summer fur) were simulated under the two wind patterns.
Climate data.-We approximated the climatic data (relative humidity, cloud cover, and air temperature [except for the maximum air temperatures in summer]) of a 50-m cell by those of the standard 1-km grid cells that contained its center. We deemed this coarse resolution both necessary and reasonable because finer-resolution climatic data were not available and because we assumed that a multitude of local variations would negate the benefits of a finer-scale climate modeling. The wind speeds in both months and the maximum temperatures in August were recalculated for each 50-m cell according to the vegetation type (Table  2) . Although we did not consider climate change during 1947-1999, the microclimate model incorporated changes in local climate due to the changes in the LULC types.
RESULTS
Five-prefecture landscape simulation
When integrated over a day, two wind patterns resulted in a small difference in metabolic costs; all differences were within 5.4% in February and 9.5% in August. We present the maps of metabolic demands based on the maximum-minimum wind pattern for the five-prefecture landscape, which had fewer overheating cells in August, and generally higher metabolic rates in February, than under the constant wind pattern (Fig. 5) . These maps show the energy the animal would have to spend to maintain a constant core temperature if it stayed within the cell whose environmental conditions were determined by the vegetation.
Regardless of the vegetation type, the basal metabolic rates increased as elevation increased in both August and February (Fig. 6) . Compared within the same elevation class, deciduous broadleaf forest and coniferous forest resulted in almost identical metabolic demands in August because they were exposed to similar climatic conditions and microclimate moderations. Grassland resulted in higher metabolic demands than forests, but a large number of grid cells were determined to be overheating at lower elevations. Two features were apparent in the February data in comparison to the August data. First, the metabolic demands generally increased in all vegetation types, in response to the lower air temperature and, in most cases, increased wind speeds. Second, deciduous broadleaf forest resulted in distinctively higher metabolic demands than evergreen coniferous forest due to reduced microclimate moderation effects of deciduous vegetation. In the highest elevation class, the metabolic demand in February increased only by ;10% above the August demand in coniferous forest and grassland, but by ;30% in deciduous broadleaf forest. The difference between August and February demands increased at lower elevations. In the lowest elevation class, the February demands increased by as much as 40% above the August demands in coniferous forest and up to 80% in deciduous broadleaf forest.
Detailed inspections
First, we compared the simulation results monthly (Fig. 7) . Only the results for the maximum-minimum wind pattern are presented because the differences between wind patterns were small. In Takada, the winter fur resulted in considerably lower metabolic rates than summer fur during the cooler half of the year (from November to April). If in the winter fur, the animal was overheated during the warmer months of the year in all environmental conditions. The animal was overheated for more months under constant wind pattern than under maximum-minimum wind pattern. In summer fur, the animal was not overheated in shade (the edge and interior environment), but it was if in the open environment in summer. Given these results, molting before summer and during fall seems energetically advantageous for the serow. Three environments resulted in larger difference in metabolic demands in Tateshina than in Takada. This is because the forested environ- ments (edge and interior) of evergreen (coniferous) forest in Tateshina were more different from the open environment in winter than those of deciduous forest in Takada were. The serow was overheated under none of the three environments in Tateshina throughout the year.
Second, the results were examined within the day in the coldest (February) and the hottest (August) months of the year (Figs. 8 and 9 ). The model animal had winter fur in February and summer fur in August. The shapes of graphs differed more between wind patterns in Tateshina (Fig. 9 ) than in Takada (Fig. 8) , reflecting the higher maximum wind speeds at Tateshina. The results indicate that metabolic rates differ substantially depending on the environment type and hour of day. The metabolic demands were lower in the interior environment than in the edge environment in all cases, due to reduced wind speeds. In February, the metabolic rate was always higher in open environment than forested environment in Tateshina. On the other hand, the metabolic rate in open environment was lower than the edge environment during daytime in Takada. In August, diurnal fluctuations in metabolic rates in forested environment were smaller than the open environment. The animal was overheated in midday in the open environment in Takada. As the air temperature became higher, the animal was also overheated in the interior environment under the constant wind pattern because convective heat transfer was less effective in weaker winds. Overheating did not occur in Tateshina.
Arai-Keinan region landscape simulation
The highest metabolic demand for February in the two landscapes was 4659 kJ/d, which was well below what was simulated for the cells in which the serow has been recorded in the five prefectures (i.e., the ''present cells'' described in the Discussion: Consideration of potential habitat). We present the August results only because the winter conditions, as determined from the metabolic demands alone, do not appear to influence the serow's occurrence in the Arai-Keinan landscapes.
During 1947-1999, in rural landscapes of Suibara and Takatoko, open environments, such as grasslands, underwent succession to shrubs or forested vegetations, creating edge and interior environments (Figs. 3 and 4) . These LULC transitions resulted in converting overheating cells to non-overheating cells in summer (Figs.  10 and 11) . The energetics simulations indicated that the area of non-overheating environment (and thus suitable habitat for the serow) was on a steady increase in both landscapes. This trend was more apparent in Takatoko; the proportion of the landscape the non-overheating cells occupied increased drastically from 20% of the landscape in 1947 to 48% in 1999.
DISCUSSION
Consideration of potential habitat
The combination of microclimate and animal biophysical models in a GIS context suggests criteria for understanding what determines the serow's range. High air temperatures and low wind speeds often co-occur in summer. With these two phenomena combined, heat dissipation becomes more difficult, making the serow more susceptible to overheating. Low temperatures and stronger winds often co-occur in winter, raising the serow's metabolic demands. Thus, from the energetics perspective, summer heat and winter cold can be the limiting factors determining an area's suitability as a serow habitat.
The energetics model assumes that there is a balance between heat in from the environment, heat generated by metabolism, and heat out that is lost from the skin and through respiration. In summer, animals need to dissipate heat efficiently, or they will warm up as heat energy accumulates in the body, and eventually surpass the maximum allowable core temperature. This is the overheating condition we adopted in this study. We compare the results of the energetics simulation for the fiveprefecture area to empirical distribution data to determine if this condition is supported by the empirical data. We FIG. 7 . Basal metabolic demands of the Japanese serow in summer and winter furs for the average day of each month under the maximum-minimum wind pattern in three environment types in Takada, Niigata, and Tateshina, Nagano, Japan. The serow was overheated in the months in which the data are missing. Vegetation at Takada was deciduous broadleaf forest and that at Tateshina was evergreen coniferous forest. Definition of terms: open, with no shade; edge, with shade and reduced maximum air temperature in summer (JulySeptember); interior, with shade, reduced maximum air temperature in summer, and reduced wind speed.
simply inspect the metabolic values in the cells the serow has been recorded, but perform no statistical analysis.
With permission of the Biodiversity Center, Japanese Ministry of the Environment, we compared our fiveprefecture simulation results to the serow's occurrence data from the fifth National Survey on the Natural Environment (Biodiversity Center of Japan 2002: raw data with permission number 163-2). These are presence-only occurrence data mapped in the standard 1-km grid. There are 4364 cells in the five-prefecture area in which serow's presence (sighting or capture) was recorded during 1993-1998 (hereafter, referred to as the present cells). Our analysis that follows concerns only the present cells.
The empirical data supports the validity of our overheating criterion. In the August results (Fig. 5) , 3925 present cells (89.9%) were non-overheating (Table  3) . However, 439 cells (10.1%) were overheating, nearly all of which were in open vegetation types at lower elevations ( 1500 m). We provide two explanations why this does not invalidate the overheating criterion. First, the presence of the serow is recorded without reference to season or time of day. The time of observation could have been cool months when the serow moved in temporarily. Second, our environmental model assumes no heterogeneity within cells, whereas there is substantial heterogeneity in actual landscapes to which individual serows can respond. We reconsidered the within-cell heterogeneity by referring to the original 1:50 000 vegetation maps (Nature Conservation Bureau 2005) to find that 425 of 436 non-forested overheating cells had some portion of the land forested. As Fig. 8 shows, FIG. 8 . Model calculations are for basal metabolic rates in watts (W) for each hour of the average day in February and August under two wind patterns in Takada, Niigata, Japan. The February simulation assumed the winter fur, and the August simulation assumed the summer fur. The wind speeds varied between the minimum (0.3 m/s) at sunrise and maximum at one hour after local noon under the maximum-minimum wind pattern, whereas they stayed constant throughout the day under the constant wind pattern. The serow was overheated in the hours in which the data are missing. Definition of terms: open, environment with no shade; edge, with shade and reduced maximum air temperature in summer; interior, with shade, reduced maximum air temperature in summer, and reduced wind speed. FIG. 9. Model calculations are for basal metabolic rates for each hour of the average day in February and August under two wind patterns in Tateshina, Nagano, Japan. The February simulation assumed the winter fur, and the August simulation assumed the summer fur. The wind speeds varied between the minimum (0.3 m/s) at sunrise and maximum at one hour after local noon under the maximum-minimum wind pattern, whereas they stayed constant throughtout the day under the constant wind pattern. For definitions of terms, see Fig. 8 . the serow can avoid overheating by choosing to be in forested environments in midday hours in summer, if such an environment is available. Thus, the overheating criterion itself seems valid, but the within-cell heterogeneity in vegetation is a possible confounding factor that should be addressed in future studies.
The single-site simulation for Takada (Fig. 8) is an example of an overheating site. The serow is expected to be overheated more hours of the average day in August under the constant wind pattern than under the maximum-minimum wind pattern. The animal is expected to benefit from increased heat dissipation via convection. In clear-cut areas, the serow is often found resting on stumps of trees that elevate it above its surroundings, presumably to detect predators sooner (Kishimoto 1992) . From a purely energetic consideration, however, the serow might be seeking more effective convective heat exchange in summer to avoid overheating because the animal would be exposed to stronger and cooler winds at elevated locations than it would be closer to the ground. The comparison between the open and edge/interior environments reveals the importance of forest cover in providing refuge in otherwise overheating conditions in the summer. The energetics model suggested that the serow would seek daytime shade in the summer to keep itself from being overheated, and that it would choose to stay on the side of shades with stronger wind (e.g., edge environments) as reported for grazing cattle (Yasue et al. 2000) .
Winter energetics suggests that the serow might prefer to be in evergreen vegetation because it provides more effective thermal cover, indicated by the larger difference in metabolic demands between open and interior environments of the evergreen vegetation than of the deciduous vegetation (Fig. 8 vs. 9) . Whether or not being in the sunny open environment will be advantageous for the serow depends on the strength of the wind and the season. In weaker winds in winter, such as at Takada, the serow may be able to reduce its metabolic demands by being in the open to receive solar radiation.
In winter, the metabolic demand increases, but available forage generally decreases. Thus, the balance between energy expenditure and intake determines an area's potential as the serow habitat. The energetics model estimates the animal's metabolic expenditure, but the intake must be estimated using some information about diet properties. Any mass loss phenologies can be used to define the environmental deficit in providing required food to maintain body mass in winter. Food intake is a very difficult property of the animal to predict (Van Soest 1994) , but it could be food intake that determines winter survival of wild ungulates (Hobbs 1989 , Turner et al. 1994 . Although forage intake of the serow has been studied in captivity (Kozaki et al. 1991 , Ohmachi Alpine Museum 1991 , empirical data are absent for the serow in the wild. Here we use a simple model in an attempt to estimate energy intake (E in ; Wallmo et al. 1977) :
where W is the body mass of a serow (kg), INT is the Note: The results are based on the fifth National Survey on the Natural Environment conducted during 1993-1998 (source: Biodiversity Center of Japan, Ministry of the Environment).
forage intake per unit mass of the serow (g/kg), GE is the gross energy content of the forage (18.8 kJ/g after Golley 1961, Wallmo et al. 1977, and others) , DMD is the dry matter digestibility (0.5), and ME is a metabolizable energy coefficient (0.81 after Robbins [1993:306] ). We estimated DMD based on Kozaki et al. (1991) , but lowered it slightly to account for expected feeding on fallen leaves (Takatsuki et al. 1995) . The discussion here assumes that the environment can provide whatever forage the serow needs (i.e., food is not limited). The INT peaks in the fall (30 g/kg), but declines to 18 g/kg in the winter (estimates based on Kozaki et al. [1991] , Ohmachi Alpine Museum [1991] , and Wallmo et al. [1977] ). The reduction in intake in winter is due to a voluntary behavior of serow (Ohmachi Alpine Museum 1991), not to reduced environmental forage availability. We assumed a 40-kg serow in the fall that catabolizes 20% of its mass over a 120-day winter (Miura and Maruyama 1986) . In the middle of winter, a 36-kg serow gains 4934 kJ/d from forage. If 70% of the lost mass is in fat and 30% in protein (Torbit et al. 1985 , as used in Hobbs [1989 ), the serow can gain an additional 2319 kJ/d from catabolism (energy conversions as in Robbins [1993] ). Thus, the total energy available for a winter day may be estimated at 7253 kJ. Accounting for the costs of locomotion (375 kJ/d; as described in Discussion: Heterogeneity factors) and additional cost of standing (20% of basal metabolism; Robbins 1993), the basal metabolic demand would have to be below 5732 kJ/d ([(total available, 7253) À (cost of walking in snow, 375)]/1.2).
All forested sites, with a few exceptions of deciduous forests at high elevations, demand less energy than this level, while a substantial amount of grassland demands more (Fig. 6) . With respect to the present cells, 4282 of 4364 cells demanded ,5732 kJ/d. The issue of withincell heterogeneity as discussed for the August data applies here as well. After accounting for the within-cell heterogeneity (see Appendix E for the procedure), we found that essentially all (4344-4348 of 4364 present cells) cells demanded 5732 kJ/d or less.
On the basis of the preceding discussion, we can define the suitable habitat for an average-sized serow (36 kg) in the standard 1-km grid as cells that are not overheating in August and those that demand ,5732 kJ/d in February, and exclude those that are uninhabitable (i.e., agricultural, bare ground/urban, and open water; Fig. 12 ). In sum, the effects of vegetation on serow's energetics are substantial. For a broad region, considering just vegetation (i.e., presence of forests) might serve as a first-cut way for estimating the potential of landscapes to be occupied by the serow. Considering energetics alone, it is conceivable that most of the fiveprefecture area is inhabitable by the serow.
Historical changes in habitat conditions
Our discussion thus far has been based on a snapshot of vegetation. Although it concerns a relatively smaller area, the energetics simulations for Arai-Keinan landscapes add to our discussion the temporal dimension of habitat conditions associated with land-use changes.
Suibara and Takatoko landscapes represent qualitatively different landscape patterns. In Suibara, where rice paddies were rather ubiquitous in 1947, abandonment of rice paddies followed by plant succession to forest (or agricultural marginalization) has created a mixture of co-dominating LULC types. The total area of inhabitable environment increased during 1947-1999. The energetics simulations indicate that the landscape was generally overheating in 1947, but it became more evenly mixed with overheating and non-overheating environments in 1999 (Fig. 10) . This means that there has been an increase in the habitat types within a radius of short travel from which the serow could choose to respond to the environmental conditions at any given time. Forested areas enable the serow to avoid the sun in midday in summer, and the serow could use open areas at other times. The marginalized areas in general, including the newly forested areas and open environment around them, can become suitable serow habitat. It appears that the potential serow habitat has rapidly expanded in Suibara since 1947.
In Takatoko, in 1947, there was a large cluster of coppices at varying stages of secondary succession. Human removal of canopies and underbrush must have pushed the serow's distribution away from the rural areas because such woodlands have little shade in summer and little forage in winter. However, coppice management ceased when agricultural practices and people's lives in rural areas changed. The landscape has become more homogeneous with deciduous forest of essentially uniform physiognomy (Fig. 4) . This change has created for the serow a relatively large patch of suitable habitat from previously overheating environments (Fig. 11) . The total amount of inhabitable environment increased only slightly, but the quality of inhabitable environments drastically improved by 1999. Thus, we expect that the serow will occur more widely in the future due not only to the population increase under protection, but also to an increase in quality habitat.
Although the energetics simulations suggest that suitable habitat for serow has increased in both landscapes we investigated in the Arai-Keinan region, the patterns of land-use change differed greatly. The ecological significance of such differences in landscape patterns are subjects for future study. Faced with rapid and widespread changes in rural landscapes in Japan, a scientific basis for discussing ''optimal'' landscape patterns should occupy an important position in nature restoration and conservation of biodiversity in large spatiotemporal scales. The overheating inhabitable cells adjacent to non-overheating inhabitable cells may be treated as a semi-permeable barrier to animal movement. The size of the patches may also affect the serow's occurrence.
Heterogeneity factors
Vegetation variation among cells has been one heterogeneity factor in this study. Within-cell heterogeneity may be very important for animal energetics, as we have discussed thus far. Snow could be another heterogeneity factor that would greatly alter winter food availability, thus the habitat suitability for the serow. Discussion thus far has assumed that food items are available uniformly and abundantly across the landscapes. That is, the energetics model has been a neutral model (With and King 1997, Turner et al. 2001) with respect to food availability, which can be used to estimate or guide further study to identify the effects of snow on the landscape's quality as habitat for the serow.
Snow has complex effects on habitat conditions of the serow. First, it makes the environment harder to survive by increasing the energetic cost of locomotion, thus reducing the net gain of foraging (Parker et al. 1984 , Fancy and White 1987 , Dailey and Hobbs 1989 . The costs of walking in snow have been studied for mule deer and elk (Parker et al. 1984) ; bighorn sheep and mountain goat (Dailey and Hobbs 1989) ; and barrenground caribou (Fancy and White 1987) . The diverging results reported in these studies suggest that a speciesspecific consideration is necessary. Bighorn sheep and mountain goat are bovids and have similar body mass to the serow. Thus, we adopt the results from Dailey and Hobbs (1989) and estimate the energetic cost of walking through new snow in which the serow sinks to the full length of its brisket height to be 3.0 times as much as walking on horizontal hard surface. At the same time, wildlife in snowy environments can reduce the increase in energy expenditure by behavioral alterations (Moen 1976) , including walking less by staying near the forage site. The literature (Nagano Ringyo Gijutsu Kyokai 1979, Ono and Doi 1980, Kishimoto 1989) suggests that 1 and 2 km are reasonable estimates of the upper bounds for daily travel distances in snow and without snow, respectively. Using the allometric relationship between body masses and energy required for walking on a horizontal hard surface (i.e., 10.758W 0.684 [kJ/km]; Taylor et al. 1982) , the locomotive costs for a 36-kg serow can be estimated at 375 kJ/d in snow and 250 kJ/d without snow. Thus, snow may incur a 50% increase in daily cost for locomotion.
Snow can also exert a strong impact on wintering serow by covering forage so that it is not accessible (Takatsuki et al. 1995 (Takatsuki et al. , 1996 . A snow depth of 30 cm almost completely covers forest floor vegetation in northern Honshu, Japan (Takatsuki et al. 1996) . On the other hand, snow could provide benefits to the wintering serow by providing access to higher branches that would otherwise be inaccessible (Moen and Evans 1971) . Snow also facilitates occurrence of evergreen plants on the forest floor (Sakai and Hakoda 1979) . Evergreen plants, in turn, constitute an important part of the serow's winter diet (e.g., Takatsuki and Suzuki 1984 , Horino and Kuwahata 1986 , Takatsuki et al. 1986 . Some evergreen shrubs adapted to heavy snow (such as Camellia rusticana) may provide, if accessible, a comparable nutritive value to the serow in winter and in summer (Kume et al. 1998) . Evergreen species (e.g., Cephalotaxus harringtonia var. nana and Aucuba japonica var. borealis) are abundant in forest floor communities in the Arai-Keinan region (Natori 1998) . The solitary social structure might allow the serow to persist on small areas that expose evergreen vegetation out of snow. The presence of snow may not categorically make an area poor habitat.
Rumen content analyses have indicated that food availability for the serow remained steady even in a severe winter compared to milder winters (Takatsuki and Suzuki 1988) . This suggests that the serow selects territories to include environments that can supply steady food. The serow's solitary social structure and territorial habits would be advantageous in assuring a steady food supply. Even so, a heavy snow that drastically alters forage availability would severely impact serow survival (Takatsuki et al. 1995) . In this sense, serow's winter survival is limited by forage intake as modeling experiments for other ungulates have suggested (Hobbs 1989 , Turner et al. 1994 . The next step in habitat evaluation is to map such sites that would provide serow with food in snowy winters. Aerial photographs in winter, as well as high-resolution satellite imagery might be effective for this purpose.
The energetics model can provide information on the amount of forage required, which can be translated to the minimum area of exposed vegetation needed in the serow's habitats.
CONCLUSIONS
The energetics model has deductively shown that vegetation that provides shade is particularly important for the Japanese serow to keep it from overheating in summer. The distribution of the Japanese serow is expected to coincide with that of forests. A similar conclusion has been inductively derived from empirical data (Ohmachi Alpine Museum 1991, Harashina et al. 1999 , and others).
There are other models, such as GARP, BIOCLIM, and MAXENT (compared in Hernandez et al. [2006] ), which predict animal distribution from occurrence data, but the advantage of the energetics model is that it can be applied to novel environments that are not currently inhabited by the species. The energetics model can also be used to evaluate the effects of climate change on animal distributions (Porter et al. 2002 (Porter et al. , 2006 . This feature would be valuable in predicting range expansions, or selecting sites for reintroduction, of other species as well. The energetics model can be parameterized with readily measurable elements of any animal and environment and does not require large samples of geographically accurate occurrence data as the other models do (Hernandez et al. 2006) . Thus, it is versatile and can be applied to many species (especially, opportunistic foragers) if the environment can be modeled at appropriate scales. However, the energetics model by itself does not accommodate particular requirements of habitat specialists; such information must be supplied from empirical measurement and be incorporated in the environmental input data. Empirical, field-biological studies and modeling studies should be complementary to one another in advancing wildlife conservation and management.
Finally, with regard to modeling itself, this study considered only a limited number of environmental conditions. The energetics model is a versatile tool when experimenting with different environmental conditions and making neutral landscapes for other factors. The effects of other factors can be hypothesized from the modeling results and then be tested in a further study. In this study, snow distribution is an example of such factors. Because how one models the environment influences the outcomes of the energetics model, representing the environment in the model will continue to be an important consideration for energetics modeling. 
